Abstract-Magnetometers, gyroscopes and accelerometers are commonly used sensors in a variety of applications. The paper proposes a novel gyroscope calibration method in the homogeneous magnetic field by the help of magnetometer. It is shown that, with sufficient rotation excitation, the homogeneous magnetic field vector can be exploited to serve as a good reference for calibrating low-cost gyroscopes. The calibration parameters include the gyroscope scale factor, non-orthogonal coefficient and bias for three axes, as well as its misalignment to the magnetometer frame. Simulation and field test results demonstrate the method's effectiveness.
apparatus to provide reference inputs, such as a turn rate table [10] or a bicycle wheel [11] .
This paper proposes a novel method for gyroscope calibration, aided by the magnetometer in the same module or chip. The calibration process is supposed to be done in a homogeneous magnetic field. That is to say, the magnetic field vector does not need to be known but should be fixed. It consists of two steps that are sequentially performed on the same data: 1) the magnetometer interior calibration is performed using the fact the norm of the magnetic field is invariant; 2) with the aid of the calibrated magnetometer, the gyroscope parameters are calibrated, as well as its orientation misalignment to the magnetometer. The gyroscope parameters include bias, scale factor and non-orthogonal coefficient for three axes. Sufficient rotation excitation (covering rotation about two or more axes) is needed to get a good calibration result, but the specific form of rotation excitation is not restricted. Better calibration quality would be obtained with more sufficient rotation excitation.
The paper is organized as follows. Section II describes the sensor models of magnetometers and gyroscopes. Section III formulates the gyroscope calibration problem as a state-space model and examines its observability property. Section IV reports simulation and field test results and the conclusions are drawn in Section V.
II. MAGNETOMETER AND GYROSCOPE

A. Magnetometer
Taking the time-invariant magnetic disturbance and sensor imperfection into account, the three-axis magnetometer measurement can be collectively modelled by [1, 12, 13] 
The estimate of the intrinsic parameters, R and ĥ , can be obtained by the iterative Newton method with a good initial estimate, cf. e.g. [14] . The calibrated magnetometer measurements are given as
where m n denotes the magnetometer calibration residual that can be roughly modelled by Gaussian noise.
B. Gyroscope and Orientation
The gyroscope triad can measure the body angular velocity relative to the inertial space, expressed in the gyroscope frame
where the superscript b denotes the gyroscope frame defined by the physical sensor axes, 
The gyroscope frame's orientation with respect to the inertial frame can be computed by integrating the calibrated gyroscope measurements [6] 
The skew symmetric matrix    is defined so that the cross product satisfies      x y x y for arbitrary two vectors.
III. MAGNETOMETER-AIDED GYROSCOPE CALIBRATION
A. Problem Formulation
Whenever the triads of magnetometer and gyroscope are strapped together, there will be an attitude misalignment between their respective frames. For instance, the calibrated magnetometer measurements can be re-expressed as C denotes the attitude misalignment between the magnetometer and gyroscope frames, which is constant once the sensors (and the magnetic material onboard) have been fixed onto the platform. Using (6), the change rate of the magnetometer frame's orientation with respect to the inertial frame is characterized by Then the gyroscope calibration problem can be formulated as a state-space model which takes (8) as the dynamic model and (7) as the observation model. Specifically,
The magnitude of the vector rate . Otherwise, the system is said to be (globally) unobservable.
Note that this is a concept of deterministic observability taking no account of noises. Whatever estimation techniques are to be used, observability analysis is necessary that tells the inherent estimability of the system state [15, 16] . The error-state extended Kalman filter (EKF) is employed to carry out the state estimation for the statespace model (9) . Deriving the corresponding first-order error-state equation is straightforward and we omitted here for brevity [6, 10] . A good initial state estimate is important to get satisfying EKF performance. The magnetometer orientation and local magnetic vector are respectively initialized by the identity matrix and the first magnetometer measurement
. The initial estimate of K and ε could be obtained from (10) using the similar technique with [1] . Note that (11) is not directly usable as it needs to compute the magnetometer measurement derivative. Specifically, integrating (10) over the time interval  
which can be used to get a least-square estimate. Readers can refer to [1] for further details.
A. Simulation Results
We designed a simulator to generate the magnetometer and gyroscope measurements under attitude motion for 100 seconds. Figure 2 plots the orientation trajectory of the attitude motion in Euler angles (degree) and the generated true sensor measurements. The magnetometer is assumed having been well calibrated so as to examine the full potential of the proposed approach in calibrating gyroscope by the aid 4 of magnetometer. All simulated noises are subject to normal distribution, the standard deviation of magnetometer measurement noise is set to 0.01 (unitless) and the gyroscope noise density of is set to 0.02deg s Hz . Table I lists the simulation parameters, and the mean and standard deviation of the calibration results across 50
Monte Carlo runs. The calibration parameters are determined to a high accuracy: gyroscope scale factor (900 ppm, 3σ), gyroscope non-orthogonality (0.09 deg, 3σ), gyroscope bias (0.02 deg/s, 3σ) and magnetometergyroscope misalignment (0.06 deg, 3σ). Figure 3 gives the transient behavior of the parameter estimates in a typical run. The parameters have very good convergence property. Though lacking of an absolute attitude reference, the attitude errors stay below 0.5 deg throughout the calibration procedure (lower-right subfigure). The fluctuation is caused by inevitable noises that are not considered by the observability analysis.
B. Test Results
We use four datasets collected respectively from Xsens MTi-G-700 and iPhone-6 to evaluate the proposed calibration method. The MTi-G-700 datasets come from [1] . Two datasets (#1 and #2) were collected using the MTi-G-700 unit alone (Fig. 4, left) , while the other two datasets (#3 and #4) were collected with a RMB coin taped onto the unit bottom plate. The coin is made of softiron magnetic material (Fig. 4, right) . The iPhone-6 datasets were collected similarly but with no coin attached.
Typical raw sensor measurements of MTi-G-700 and iPhone-6 are plotted in Fig. 5 . In all datasets, the test units were kept stationary on the ground with exactly the same pose at the start and end of the tests. Their calibration results are both listed in Table II . For the MTi-G-700 unit, as the coin affects the magnetometer frame, the magnetometer-gyroscope misalignment attitude is significantly changed [1] . As expected, the gyroscope parameters is apparently immune to the coin attachment. For MTi-G-700, the peak-to-peak discrepancy among four sets of calibration parameters is up to 4000 ppm for the gyroscope scale factor, 0.2 deg for the gyroscope non-orthogonality, 0.03 deg/s for the gyroscope bias and 0.2 deg for the magnetometergyroscope misalignment, while for iPhone-6 it is up to 8000 ppm for the gyroscope scale factor, 0.6 deg for the gyroscope non-orthogonality, 0.5 deg/s for the gyroscope bias and 0.5 deg for the magnetometer-gyroscope misalignment. Figure 6 plots the estimates of the calibration parameters for the MTi-G-700 dataset #3, while Fig. 7 plots the estimates of the calibration parameters for the iPhone-6 dataset #3. Note the stationary data at the start and end of all datasets has been excluded from the calibration data. We observed that the calibration estimated does not converge sufficiently until all three axes have experienced significant rotation excitation. For example, in the iPhone-6 dataset #3 (Fig.  5, right) , the third axis performs significant rotation at about 70s, which accords with convergence time in Fig. 7 .
As the true calibration parameters are unknown, we use the fact that the tests started and ended at the same pose to indirectly evaluate the calibration quality. Figure  8 presents the dead-reckon attitude result using the calibrated gyroscope measurements of the MTi-G-700 dataset #3 and the iPhone-6 dataset #3. The MTi-G-700 unit drifts about 3.5 deg in 360 seconds and the iPhone-6 unit drifts about 12 deg in 180 seconds.
V. CONCLUSIONS
A reference input is a fundamental requirement of any sensor calibration. Existing gyroscope calibration methods mostly rely on external apparatus to provide reference inputs. This paper proposes an on-site gyroscope calibration method with the help of magnetometer in the homogeneous magnetic field. It is shown that, with sufficient rotation excitation, the homogeneous magnetic field vector can be exploited to serve as a good reference for calibrating low-cost gyroscopes. The gyroscope calibration parameters include the scale factor, non-orthogonal coefficient and bias of three axes, and its misalignment to the magnetometer frame. Simulation and field test results using Xsens MTi and iPhone 6 demonstrate the effectiveness of the method.
